Although we are increasingly aware that an understanding of evolution is critical to all biological fields and to scientific literacy, evolution remains a challenge in the classroom. Here we present a hands-on, inquiry-based classroom activity to study host-parasite coevolution. Coevolution is the reciprocal evolution of interacting species. It is pervasive, diverse, and rapid. Instruction in coevolution is therefore an excellent way to teach students evolutionary principles. In the described game, students take on the role of either host or parasite, and they use playing cards to act out reciprocal selection. Students collaborate to collect data on the change in frequency of host and parasite genotypes (card suits) through time. They use these data to conduct an independent test of the prediction that hostparasite coevolution maintains genetic variation. The game is suitable for students ranging from upper-level high school through college. We include detailed instructions, discussion topics, and simple modifications to extend the game to additional topics. This is a fun, active, and simple exercise to introduce students to the complex topic of hostparasite coevolution. Moreover, the game emphasizes infectious diseases as major selective forces, a fascinating topic for today's students.
Background
Since its origins in the latter half of the nineteenth century, the field of evolutionary biology has made enormous strides. We now recognize evolution as a unifying framework for the biological sciences. There are more and more calls for the incorporation of evolutionary principles into applied fields (Denison et al. 2003; Antonovics et al. 2007; Read and Huijben 2009) . For example, the evolutionary medicine movement seeks to incorporate evolutionary thinking into medical and pre-medical training (Nesse et al. 2010; Antolin et al. 2012) . Education in evolutionary biology must grow to match our increasing awareness of the centrality of this field. Currently, the conceptual nature of evolution is notoriously difficult to teach, and the topic is fraught with misconceptions and complexity (Bishop and Anderson 1990; Alters and Nelson 2002; Dagher and Boujaoude 2005; Hokayem and BouJaoude 2008; Cunningham and Wescott 2009) . Thanukos (2010) recently made a compelling case that instruction on the topic of coevolution could tackle many of the conceptual hurdles that students face in understanding evolution. Coevolution is the reciprocal evolution of interacting species. It is pervasive, diverse, and very rapid. Instruction in coevolution can thus work to dispel the misconception that evolution acts only over long time-scales in response to abiotic changes, such as glaciation. Cases of coevolution demonstrate that evolution can occur over the course of only a few generations in response to continual change in the biotic environment. Moreover, coevolution powerfully contradicts the common notion of evolution as progressing towards a higher goal. In interactions between species, evolutionary optima are forever shifting in response to changes in the biotic environment (Jaenike 1978; Thompson 2005; Thanukos 2010 ).
In spite of this potential utility as a teaching tool in classrooms, Thompson (2010) notes that coverage of coevolution in biology textbooks is lacking. It is a challenging topic to teach via active laboratory exercises due to the complexity of balancing two or more interacting, adapting players. Here, we introduce a hands-on, inquiry-based activity to help students understand hostparasite coevolution. We developed it in order to provide students with a test of the Red Queen Hypothesis for the maintenance of genetic variation, which we discuss in more detail in the next section. Students work in small groups using playing cards to generate the coevolutionary trajectories of hosts and parasites. They personally discover, through the fate of their own card hands, the rapid rate of reciprocal adaptation and the potential for host-parasite interactions to maintain diversity.
Host-Parasite Coevolution
The Red Queen Hypothesis (RQH) predicts that coevolution between hosts and parasites acts to maintain genetic variation through time. We developed this activity so that students could test this prediction and, in doing so, work through a classic model of host-parasite coevolution. The RQH posits that parasites adapt to specifically infect the most common host genotypes in a population. Parasites thereby exert negative frequency-dependent selection on their hosts, with the most common host genotypes having low fitness and declining in frequency as parasites infect them. Rare host genotypes escape infection and increase in frequency (Haldane 1949; Jaenike 1978; Hamilton 1980; Hamilton et al. 1990) . This rare advantage drives continual oscillations through time in the frequency of host genotypes and their matching parasite genotypes ( Figure 1a ) (Hutson and Law 1981; Nee 1989 ). Thus coevolution is proposed to maintain genetic diversity in host and parasite populations (Jaenike 1978; Bell 1982) .
A key assumption of the RQH is that genetic matching is required for successful infection (Jaenike 1978) . The most common model of infection genetics for studying Red Queen dynamics is the simple matchingalleles model (e.g. Hamilton et al. 1990; Howard and Lively 1994) . This model evokes the idea of self-nonself recognition: infection occurs when the host fails to recognize the parasite as a foreign entity. A host is susceptible to infection (i.e. the parasite is successful) if the host and parasite have matching genotypes. In contrast, a host is resistant to infection (i.e. the parasite is unsuccessful) if host and parasite genotypes are mismatched (Figure 1b ). Under this model, there is a strong trade-off to specialization, such that a parasite genotype is infective to only a fraction of host genotypes (Frank 1993) .
The RQH itself is a powerful educational tool. First, host-parasite coevolution demonstrates to students that evolution can be a rapid, dynamic process. Secondly, the RQH focuses on parasites and infectious diseases, a timely and engaging topic. The topic particularly appeals to biomedical students, who make up a large fraction of biology majors. An understanding of infectious disease biology is of grave importance in today's world. The public are much more aware of disease outbreaks in human and non-human populations. The RQH can help students understand these events: it teaches the basics of infection genetics and makes predictions for the evolution of host and parasite populations over the course of epidemics. Similarly, the rise of antibiotic resistance is both a striking example of modern-day evolution in action and a pressing public health threat (Task Force for Combating Antibiotic-Resistance Bacteria 2015). The RQH can teach students some key evolutionary aspects of the problem: populations respond rapidly to strong selection, and parasites relentlessly adapt to host defenses. It is our moral obligation to train students on these issues, particularly students destined for medical professions (Antonovics et al. 2007; Read and Huijben 2009; Nesse et al. 2010; Antolin et al. 2012) . We feel that teaching host-parasite coevolution in the context of the RQH is an excellent way to accomplish this goal. We propose a classroom activity that is inexpensive, fun, and enlightening. The game provides an entry point for students to discover the basics of host-parasite coevolution.
The Red Queen's Game
Our game is effectively a simulation in which students take on the roles of host and parasite populations. This role-playing is the key to student engagement and comprehension. Students playing the host not only see the oscillations in genotype frequency in the data they generate: they personally dread the adaptation of the parasite population to their host hand and suffer the inevitable crash of the host population. Likewise, students playing the parasite take satisfaction from the growing success of the parasite population as it adapts to the host population and lament its failure as the composition of the host hand rapidly shifts away in response. We present the game to the students as a means to test the key prediction of the RQH: host-parasite coevolution maintains genetic variation. The students use the game to see for themselves if this prediction is upheld. In other words, the students are engaged in hypothesis testing.
Our goal for this exercise is to convey four general concepts ( Figure 2a ): (1) coevolution occurs rapidly; (2) that which is most fit now can become the least fit in just a few generations; (3) rare advantage, or negative frequency-dependent selection, can maintain genetic variation over time; and (4) we can use simple games to represent complex processes and to test hypotheses. Prior to beginning the game, we encourage instructors to pose four questions to their students that will emphasize these concepts. Presented in Figure 2b , these "warm-up" questions ask students to reflect upon their initial understanding of coevolution and how we might study it. They will struggle to answer these questions prior to playing the game. By guessing and discussing answers with their peers, however, students will be thinking about the key concepts of the game as they begin playing.
Materials
The only required materials for the game are two decks of playing cards per group of students, one deck for the host population and one for the parasite population. It is best to use two distinct decks to facilitate separation of the host and parasite populations (e.g. blue-backed decks for host, red-backed for parasite). We have made additional resources available online at http://www.indiana.edu/~curtweb/EvolutionLabs/ (Lively 2015) and in Additional files 1 and 2 (a worksheet with directions and a spreadsheet for data entry and calculations). We provide the spreadsheet to students as a Google sheet and give all students access and editing privileges. Students enter their data directly into the Google sheet, and we project the results of the game live. This set-up facilitates sharing of the data between all groups. It requires that each group of students have access to a computer for data entry.
Game Set-Up
We present brief introductory material to the students and then instruct them to split into groups, collect card decks, and read the directions thoroughly. We conduct this exercise with students in groups of two: one student playing the host population and one playing the parasite population. Students are advised to switch halfway through so that they can personally experience both roles. We suggest students play for 15 generations, which requires a minimum of 45 min.
The sequence of the game is simple, and students catch on after 1-2 generations of independent play. The game is amenable to modification according to the level and size of the class and to the desired learning goals. Here, we outline the specific approach that we have used for playing the game with 24 undergraduate students in CM Lively's Evolution course at Indiana University.
Students begin by establishing their starting host and parasite populations. They shuffle their respective decks and randomly select 12 cards. The remaining cards become the reserve deck. Each suit is a genotype-clubs, spades, hearts, and diamonds. Students count the number of individuals of each "genotype" in their hand and record these data in the generation 0 row of their data sheet (spreadsheet provided online and in Additional file 2). Students should ensure that these counts sum to 12 for both the host and parasite populations: the provided spreadsheet includes a column for this purpose. We additionally constructed the spreadsheet such that counts are automatically translated into frequencies and plotted. For example, if half of the cards held by the "host" are spades, then the frequency of the spade genotype is 0.5.
Four basic steps constitute a single "generation" of this game (Figure 3 ):
Step 1: host-parasite contact Host and parasite shuffle their populations. They then work together to randomly pair each host and parasite card, resulting in 12 host-parasite pairs. Students tend to find their own way of efficiently performing this step. For example, the host student could lay out her cards, and then the parasite student can lay out his cards next to the host cards until 12 pairs are formed. This step requires that each group have enough work space to lay out their pairs. It is also helpful for host and parasite decks to be distinct in some way (e.g. different backs, say red and blue), so that host and parasite individuals can be separated following the selection step.
Step 2: infection and selection According to the matching-alleles model for infection genetics, a parasite successfully infects a host when its genotype matches that of its host (Frank 1993) . Therefore, infection results for those pairs in which the host and parasite genotype match (e.g. host and parasite are both spades) (Figure 1b) . The host individual is sterilized or killed, so the host student discards that card by placing it in her reserve deck. The parasite student retains the successful parasite card for subsequent reproduction. For pairs in which the host and parasite genotype do not match, the host resists infection. The parasite does not survive the failed infection (as in Salathé et al. 2008; King et al. 2011) , so the parasite student discards it by placing it in his reserve deck. The host student retains the successful host card for reproduction. In this formulation of the game, each parasite individual has only this single chance to infect. Students will often find that matches (successful infections) are rare in the initial generations of the game and increase through time as the parasite population adapts.
Step 3: reproduction Each surviving host makes two offspring and dies. Students simulate this process by adding one card of the matching suit for each surviving host card (for a total of two cards of the same suit).
Each successful parasite makes three offspring and dies. Students simulate this process by adding two cards of the matching suit for each surviving parasite card (for a total of three cards). Sometimes, a student's reserve deck does not have enough cards of a given suit to give each surviving individual enough offspring. In this case, the student should randomly select cards from the reserve deck until all individuals have reproduced. These randomly selected offspring will not match the genotype of the parent; students can think of this step as mutation. We feel that the greater offspring number of parasites relative to hosts (3 vs. 2) is biologically realistic. Computer simulations also demonstrated that this tends to generate smoother oscillatory dynamics than equivalent offspring numbers: it increases the probability of matching by facilitating rapid evolution of the parasite (data not shown).
Step 4: population size regulation Students rarely have exactly 12 individuals at the end of the reproduction step. The population nonetheless remains fixed at 12. If populations have too few offspring (common for the parasite population in particular), students should randomly select offspring from the reserve deck until they have 12 offspring. This step can be thought of as immigration. If populations have too many offspring (common for the host population), students should shuffle the offspring and randomly select 12 cards to make the next generation. They should return the remainder to their reserve deck. This step is consistent with a carrying capacity for the population. The students then record the number of individuals of each genotype under generation 1 of the spreadsheet. Repeat steps 1-4 for 14 more generations. We find that 15 generations is sufficient to obtain 3-4 oscillations (Figure 4 ).
Figure 4
Red Queen dynamics in sample game data. Seven groups of students each played the Red Queen game for 15 generations during a class period of Indiana University's S318 Honors Evolution course. a-d The oscillations in frequencies of host (bold lines) and parasite (faded lines) genotypes (suits) over 15 generations for four different populations (student groups). Frequencies are derived from the numbers of host and parasite individuals of each genotype recorded at each generation (step 4). Matching host and parasite genotype frequencies are displayed in the same color (e.g. the club genotype is in bold blue for host and faded blue for the parasite). Each group experienced multiple oscillations in genotype frequencies, and the trajectories differ widely between groups. e Highlights the time-lagged nature of oscillations for a single matching pair of host (bold) and parasite (faded) genotypes (clubs). Data derived from population 3 above. f The dynamics of the metapopulation: the average frequency of each host and parasite genotype across seven groups (the four shown above plus three additional). The oscillations in genotype frequencies are damped, which we would predict based upon the fact that the game does not include any inherent fitness differences between genotypes. Raw data in Additional file 3.
Outcome
After 15 generations, the students will have generated host and parasite genotype frequencies through time. If using a data entry system that allows live updates and data sharing, each group will also have access to the data and plots of other groups in the class. In Figure 4 , we show sample data generated by our own students (raw data provided in Additional file 3). Oscillations in host and parasite genotype frequencies, with a timelag of a few generations, are obvious (Figure 4a-d) . The specific follow-up exercises that an instructor wishes to follow should be tailored to the level of the students, the prior coverage of these topics in the class, and the instructor's specific educational goals. We propose several questions to return students to the game's key concepts. Presented in Figure 2c , these "wrap-up" questions ask students to revisit, and perhaps revise, their answers to the warm-up questions (Figure 2b) . In answering them, students use the data they've generated to measure time lags in parasite adaptation, changes in host fitness over time, and genetic variation in the host and parasite populations.
We also encourage instructors to show students the results at the level of the "metapopulation, " meaning across all populations. We propose this for several reasons. First, coevolution leads to divergence between populations: as a host and parasite population reciprocally adapt, they can adopt distinct evolutionary trajectories from their neighbors, just by chance alone. Students will see this when they compare allele frequencies at generation 15 in different groups (Figure 4a-d) . Secondly, no genotype has an inherent fitness advantage in the game: fitness is determined solely by the frequency of a genotype's matching partner. This is an unusual idea that is obvious in the metapopulation data: each host and parasite genotype is maintained at ~25% of the metapopulation, and the oscillations are damped (Figure 4f ). Finally, we have come to realize that coevolution must be considered at the metapopulation level (Thompson 2005) : for example, moderate gene flow between populations can promote coevolution by increasing genetic variation (Gandon et al. 1996; Lively 1999; Gandon and Michalakis 2002; Greischar and Koskella 2007) . This exercise exposes students to this kind of metapopulation thinking. The provided spreadsheet for data entry (Additional file 2) includes a tab to calculate and plot the average host and parasite genotype frequencies across all groups of students (Figure 4f ) . In Figure 2d , we present three discussion questions that highlight these key metapopulation points: the striking divergence between populations, equal mean fitness of all genotypes, and migration between populations.
Extensions

Discussion Topics
We recommend several published articles for discussion that would pair nicely with the above activity. For example, Chaboudez and Burdon (1995) , , and Wolinska and Spaak (2009) provide simple and compelling studies of frequency-dependent selection by parasites in natural systems. Chaboudez and Burdon (1995) surveyed natural populations of a flowering plant infected with a rust fungus to test the Red Queen's prediction that parasites adapt to infect the most common host clones in a population. Their data support this prediction: the most common clone was the only infected clone in the majority of host populations, a greater fraction than expected by random chance. Students could apply the Chaboudez and Burdon (1995) approach to their simulated data: at generation 15, in what proportion of populations is the most common host genotype matched by the most common parasite genotype?
We developed this activity in conjunction with a unit on the evolution of sexual reproduction. The RQH arose to address the paradox of sexual reproduction (Jaenike 1978; Bell 1982) . Asexual reproduction is far more efficient than sexual reproduction, so asexual lineages should outcompete sexual ones (Maynard Smith 1978; Lively and Lloyd 1990; Lively 1996) . Why then is sexual reproduction so common? The Red Queen argues that host-parasite coevolution favors sexual individuals because they produce offspring with a variety of rare genotypes. In contrast, parasites rapidly adapt to infect common asexual lineages and drive them down in frequency (Haldane 1949; Jaenike 1978; Hamilton 1980; Hamilton et al. 1990 ). To further address hypotheses for the maintenance of sex and genetic variation, we recommend Burt and Bell (1987) . Their study provides an excellent example of the strong inference approach to hypothesis testing. It also encourages students to reflect upon the evolutionary conditions under which we predict selection for elevated recombination. Lastly, Hamilton and Zuk (1982) is a classic work that would serve to connect host-parasite coevolution to a unit on sexual selection.
Variations on the Game
An exciting aspect of the game we outline here is that the basic framework can be modified in small ways to test additional predictions. Instructors can ask students to design their own modifications to test new predictions they have made based upon class data (e.g. Figure 2c , question 3). Here, we highlight four of the many modifications that might be interesting to pursue in the classroom.
First, to drive home the idea that coevolution acts to maintain genotypic diversity, the students can contrast the original game with one in which selection is absent. In this case, students play the game as before, but there are no fitness consequences of successful or unsuccessful infection for either host or parasite. In other words, parasite virulence is zero, and there is no cost for a parasite of a failed infection. Students should predict in advance that genetic variation will not be maintained under these conditions, because rare advantage is absent.
Secondly, students can further test the advantage of a rare host genotype by beginning the game with no genetic variation. In this modification, the game starts with a single suit and variation is introduced through mutation (in step 3) and migration (in step 4). Students should predict in advance that mutant or migrant host genotypes will rapidly increase in frequency. In contrast, mutant or migrant parasite genotypes will be less successful, as they are unlikely to match the most common host genotype.
This suggests a third modification: for advanced classes, instructors might consider introducing the concept of local adaptation using data generated by the game. Coevolution is predicted to result in local adaptation, in which parasites have higher fitness when infecting their sympatric host population than allopatric host populations (Parker 1985; Lively 1989) . By calculating mean fitness of each parasite population on the host population of each group at generation 15, we indeed find local adaptation of parasite populations (data not shown).
A final option is to explicitly test the Red Queen's prediction for the maintenance of sexual reproduction: coevolving parasites maintain sex in their hosts. In the game described here, all host individuals are clonal.
Step 3 (reproduction) might be modified to compete sexual individuals against clones: a fraction of host individuals could be clonal, with the rest producing offspring in a manner that models recombination. There are of course many modifications besides these few that we highlight here: the game could be altered to use diploid rather than haploid individuals or to test the results obtained under different virulence levels. The option also exists to use custom card decks, rather than traditional playing cards, to have greater flexibility in the number of genotypes and individuals per genotype.
Conclusion
Pedagogical studies in biology and general science emphasize the efficacy of hands-on, inquiry-based activities that actively engage students in the learning process (Hake 1998; Alters and Nelson 2002; Smith et al. 2005; Nelson 2008 ). We have described a game in which students work cooperatively in small groups to generate their own data for an independent test of the central prediction of the Red Queen Hypothesis. In pursuing this specific goal, students personally engage with the broader concepts of rapid coevolution and frequency-dependent selection. We offer this basic exercise as a fun and inexpensive tool for teaching evolution at the undergraduate and advanced high school level.
